Background and Objectives: There are no data comparing clinical outcomes of complex percutaneous coronary intervention (PCI) between biodegradable polymer-biolimus-eluting stents (BP-BES) and durable polymer-everolimus-eluting stents (DP-EES). We sought to evaluate the safety and efficacy of BP-BES compared with DP-EES in patients undergoing complex PCI. Methods: Patients enrolled in the SMART-DESK registry were stratified into 2 categories based on the complexity of PCI. Complex PCI was defined as having at least one of the following features: unprotected left main lesion, ≥2 lesions treated, total stent length >40 mm, minimal stent diameter ≤2.5 mm, or bifurcation as target lesion. The primary outcome was target lesion failure (TLF), defined as a composite of cardiac death, target vessel-related myocardial infarction (TV-MI), or target lesion revascularization (TLR) at 2 years of follow-up. Results: Of 1,999 patients, 1,145 (57.3%) underwent complex PCI: 521 patients were treated with BP-BES and 624 with DP-EES. In propensity-score matching analysis (481 pairs), the risks of TLF (3.8% vs. 5.2%, adjusted hazard ratio [HR] 
INTRODUCTION
Lasting adverse clinical events such as very late stent thrombosis and late target lesion revascularization (TLR) occurring beyond 1 year have emerged as new complications after implantation of first-generation drug-eluting stents (DES). 1) Inflammatory reactions against the durable polymer (DP) coating on first-generation DES are considered at least partly responsible for these adverse late events. The second-generation DES using biocompatible DP or biodegradable polymer (BP) were designed to overcome the long-term adverse vascular reactions related to the bio-incompatible DP coated on the first-generation DESs. The use of biocompatible DP-everolimus-eluting stents (EES) or BP-biolimus-eluting stents (BES) was associated with superior safety and efficacy outcomes compared with the first-generation DES in a higher-risk population with complex features.
2)3) In addition, the BP-BES showed similar safety and efficacy profiles at 5 years compared with the gold standard DP-EES in an all-comers percutaneous coronary intervention (PCI) population. 4) However, there are no data comparing clinical outcomes of complex PCI between BP-BES and DP-EES. The likelihood of treatment failure directly correlates with the complexity of underlying coronary artery disease 5)6) ; and lesion complexity may have a significant impact on the capacity of a stent-versus-stent trial to detect differences between the investigated devices.
7) The BP-BES has a relatively thick strut stainless steel platform (120 μm) and the unfavorable effect of thick struts may be clinically apparent, particularly in vessels with complex features. Therefore, investigating the relative efficacy and safety of BP-BES in these high-risk lesion subsets is of paramount clinical importance. The objectives of the current study were: 1) to evaluate the safety and efficacy of BP-BES compared with DP-EES in patients undergoing complex PCI; and 2) to characterize the effect of procedural complexity for the current generation of DES.
METHODS

Study population
This is a sub-analysis of the SMART-DESK (Real World Drug-Eluting Stenting Registry in Korea: BioMatrix Stents versus Xience stents by Smart Angioplasty Research Team) registry. The SMART-DESK registry is an unrestricted, prospective, multicenter, and observational registry. A total of 1,999 patients who underwent PCI with BP-BES (BioMatrix Flex; Biosensors Inc., Newport Beach, CA, USA) or DP-EES (Xience V or Prime; Abbott Vascular, Santa Clara, CA, USA) at the 16 major coronary intervention centers in Korea between July 2010 and June 2012 were enrolled. 8) We did not restrict the number, location, size, and length of lesions to be treated and registered all patients who were older than 20 and underwent PCI with BP-BES or DP-EES. Principal exclusion criteria were as follows: cardiogenic shock; allergy to study medication, metal alloys, or contrast media; planned surgery within 1 year of PCI unless the dual antiplatelet therapy could be maintained throughout the peri-operative period; pregnancy; non-cardiac comorbidities with life expectancy of <1 year or that might result in protocol noncompliance according to the investigator's medical judgment; and inability to give informed consent. In the present study, patients enrolled in the SMART-DESK registry were stratified into 2 categories on the basis of the complexity of PCI (Figure 1) . Complex PCI was defined as the inclusion of one of the following characteristics: unprotected left main trunk as target vessel, ≥2 lesions treated (stenting), total stent length >40 mm, minimal stent diameter ≤2.5 mm, or bifurcation as target lesion. Outcomes in patients receiving BP-BES were compared with those of patients receiving DE-EES after complex PCI. We also performed an analysis of procedural and clinical outcomes according to PCI complexity.
Procedure and medical treatment
All interventions were performed according to current practice guideline. All patients received loading doses of aspirin (300 mg) and clopidogrel (300-600 mg) before PCI unless antiplatelet medications had previously been prescribed. During the study period, P2Y12 receptor inhibitors other than clopidogrel were not available in Korea. Unfractionated heparin was administered during PCI in order to achieve an activated clotting time of 250 seconds or longer throughout the procedure. Balloon pre-dilation and post-dilation, choice of BP-BES or DP-EES, use of glycoprotein IIb/IIIa inhibitors, and intravascular imaging were performed at the operators' discretion. After the procedure, all patients were recommended to receive optimal pharmacologic therapy including statins, beta-blockers, or reninangiotensin system blockade following the current guidelines. Duration of dual antiplatelet therapy (aspirin 100 mg/day plus clopidogrel 75 mg/day) was also at the operator's discretion.
Data collection and follow-up
Clinical, angiographic, procedural, and outcome data were collected prospectively by independent research personnel using a web-based reporting system. Patients were followed up at 1, 6, and 12 months after their index procedure and annually thereafter. 
Outcomes and definitions
The primary outcome was target lesion failure (TLF) at 2 years after the index procedure, defined as a composite of cardiac death, target vessel-related myocardial infarction (TV-MI), or TLR. The secondary outcome included the individual components of the composite primary outcomes and definite or probable stent thrombosis at various time points. All deaths were considered cardiac unless a definite non-cardiac cause could be established. Myocardial infarction (MI) was defined as elevated cardiac enzymes (troponin or myocardial band fraction of creatine kinase) greater than the upper limit of the normal value that occurred concurrent with ischemic symptoms or electrocardiography findings indicative of ischemia. TV-MI was defined as MI not clearly attributable to a non-target vessel. TLR was defined as revascularization within the stent or within a 5-mm border of stent deployment. Definite or probable stent thrombosis was assessed according to the definition of the Academic Research Consortium.
9)
Statistical analyses
Continuous variables were expressed as mean±standard deviation or median and interquartile range, and compared using an independent t-test or the Mann-Whitney U test. Categorical variables were summarized as numbers with percentages and compared using the χ 2 test or Fisher's exact test. Cumulative event rates were estimated using the KaplanMeier method and compared using the Log-rank test. Adjusted hazard ratios (HRs) with 95% confidence intervals (CIs) were derived from multiple imputation estimated Cox regressions adjusting for baseline variables associated with the clinical outcomes. For the DES-level analysis (BP-BES versus DP-EES), DP-EES was the reference category; for the PCI complexity analysis, non-complex PCI was the reference category. To match the patients for various clinical and angiographic characteristics, we used the propensity score matching method in a pairwise manner. The propensity score, which represents the probability of use of BP-BES, was estimated without regard to outcome using multiple logistic regression analysis including all the available covariates.
10) The pairs were matched using one-to-one individual matching between the BP-BES and DP-EES group. The matching was deemed satisfactory when the standardized mean differences were less than 10%. Within the propensity score matched population, the reduction in the risk of an adverse clinical outcome was compared using a clustered Cox regression model. 11) All tests were 2-tailed, and p values less than 0.05 were considered significant. R software version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria) was used for statistical analysis.
RESULTS
Baseline characteristics in the overall population
Of 1,999 patients included in the registry database, 1,145 (57.3%) underwent complex PCI. Median age was 65 years (interquartile range, 56-72 years) with 69.1% male patients and 31.8% with diabetes. More than half of the patients (56.5%) presented with acute coronary syndrome. The median follow-up was 748 days (interquartile range, 721-980 days).
BP-BES versus DP-EES in complex PCI
Of 1,145 patients undergoing complex PCI, 521 (45.5%) received BP-BES and 624 (54.5%) received DP-EES. Baseline characteristics according to stent type in patients undergoing complex PCI are reported in Table 1 . Compared with the DP-EES group, the BP-BES group had a higher prevalence of hypertension, previous cerebrovascular accident, and current smoking. However, the incidence of dyslipidemia was lower in the BP-BES group than in the DP-EES group. In terms of clinical presentation, patients who were treated with BP-BES had less acute coronary syndrome than those who were treated with DP-EES. Multivessel disease was less common in the BP-BES group than in the DP-EES group. PCI for left anterior descending artery was performed less frequently in the BP-BES group than in the DP-EES group. Propensity score matching yielded 481 pairs with complex PCI, and baseline characteristics were well balanced between the 2 groups except for left ventricular ejection fraction on 2D-echocardiography, which showed a significant but small difference (57.0±12.9% for BP-BES versus 59.1±12.1% for DP-EES, p=0.022, Table 2 ).
The median follow-up was 751 days (interquartile range, 722-1,002 days). The administration of dual antiplatelet therapy was continued similarly between the 2 groups at 1 year (81.7% https://e-kcj.org https://doi.org/10.4070/kcj.2018.0097 0.484 BP-BES = biodegradable polymer-biolimus-eluting stents; CK-MB = myocardial band fraction of creatine kinase; DP-EES = durable polymer-everolimus-eluting stents; LDL = low density lipoprotein; PCI = percutaneous coronary intervention.
BP-BES in Complex PCI
versus 79.6%, p=0.395). The cumulative outcomes in patients undergoing complex PCI using BP-BES or DP-EES are summarized in Table 3 . At 2 years, the primary outcome of TLF -a composite of cardiac death, TV-MI, or TLR -occurred in 15 patients in the BP-BES group and 29 patients in the DP-EES group. Cumulative rates for the primary outcome at 2 years were 3.5% for the BP-BES group and 5.1% for the DP-EES group (Log-rank p=0.121, Supplementary Figure 1A ). There were no significant differences between the 2 treatments with respect to cardiac death (2.3% versus 2.4%, Log-rank p=0.703), TV-MI (0.4% versus 0.7%, Log-rank p=0.694), or definite or probable stent thrombosis (0.8% versus 0.5%, Log-rank p=0.708). However, TLR occurred less frequently in the BP-BES group compared with the DP-EES group (1.1% for BP-BES versus 2.7% for DP-EES, Log-rank p=0.044, Supplementary Figure 1B) Figure 2 ). In the subgroup analyses, safety and the magnitude and direction of the effect on clinical outcomes of BP-BES compared with DP-EES were uniform among patients undergoing complex PCI, without evidence of interaction for the studied outcomes (Figure 3) . In a landmark analysis between 6 months and 2 years, there was a strong trend for a lower rate of adjusted TLR (0.8% vs 2.0%; adjusted HR, 0.375; 95% CI, 0.121-1.164; p=0.090) with BP-BES than DP-EES, but no difference in TLF (Figure 4) Cardiac death (%) TLF (%) Log-rank p= . Adjusted HR, . ; % CI, . . ; p= .
Complex PCI versus non-complex PCI
Log-rank p= .
Log-rank p= . Adjusted HR, . ; % CI, . . ; p= .
Figure 4.
Kaplan-Meier curves for clinical outcomes of complex PCI in a landmark analysis between 6 months and 2 years. TLF: cardiac death, TV-MI, and TLR. BP-BES = biodegradable polymer-biolimus-eluting stents; CI = confidence interval; DP-EES = durable polymer-everolimus-eluting stents; FU = follow-up; HR = hazard ratio, PCI = percutaneous coronary intervention; TLF = target lesion failure; TLR = target lesion revascularization; TV-MI = target vessel-related myocardial infarction.
with non-complex PCI, patients who underwent complex PCI showed a higher 2-year risk of TLR (adjusted HR, 3.209; 95% CI, 1.099-9.370; p=0.033). However, complex PCI was not independently associated with higher risks of TLF, cardiac death, or TV-MI. Similarly, no significant difference was observed between complex PCI and non-complex PCI with regard to definite or probable stent thrombosis (adjusted HR, 4.645; 95% CI, 0.568-38.014; p=0.152).
DISCUSSION
To the best of our knowledge, our investigation provides the first comparison of clinical outcomes for 2 second-generation DES designs, BP-BES versus DP-EES, in the treatment of complex coronary lesions from a multicenter real-world registry. The main findings of our study are: 1) compared with DP-EES, use of BP-BES was associated with similar safety and efficacy even in complex PCI; 2) the treatment effect was consistent after propensity score matching analysis and across various subgroups; and 3) procedural complexity was associated with increased long-term risk of TLR, but not with cardiac death, TV-MI, or stent thrombosis, after BP-BES and DP-EES implantations.
Although several randomized control trials comparing BP-BES with DP-EES showed that BP-BES have similar safety and efficacy profiles to DP-EES, 12)13) recent network meta-analyses have suggested that BP-BES have an excess risk for stent thrombosis or MI compared with second-generation DP-EES. [14] [15] [16] It was also reported that BP-BES might be associated with a higher risk of target vessel revascularization up to 3 years after stent deployment compared with DP-EES.
17) The BP-BES is a second-generation DES that consists of a stainless steel platform with a relatively thick strut and an abluminal coating of BP (poly-lactic acid) eluting A9.
18) The thickness of the stent strut may strongly influence the incidence of adverse events after stenting. 19) Compared with thinner struts, thicker strut platforms have been shown to increase platelet aggregation and inflammatory cell adhesion. 20) Especially in complex PCI, a thick stent strut may have an unfavorable influence on clinical outcomes relative to DES with thinner strut platforms. To date, however, there is a paucity of data evaluating clinical outcomes of BP-BES versus DP-EES for complex PCI. In the present study, although the BP-BES had a thicker stent strut than DP-EES (120 μm versus 89 μm) the safety and efficacy outcomes of the 2 DES were similar at 24 months after complex PCI. Optimal PCI techniques such as post-dilation and intracoronary imaging devices, and guideline-adherent medical therapies might mitigate the disadvantage of BP-BES in terms of strut thickness. In landmark analysis in the time window of 6 months to 2 years, patients undergoing PCI with BP-BES had a tendency to have lower risk of TLR than those undergoing PCI with DP-EES. This late benefit of BP-BES might be attributable to biocompatibility through polymer biodegradation, although the lower risk profile of the BP-BES group compared with the DP-EES group could be another explanation. It was reported that BP-BES showed a strong trend of lower inflammation score and had significantly lower fibrin and injury scores than DP-EES in histopathological assessments. 21) Taken together, the possible drawbacks of the thicker strut in BP-BES, which is associated with a higher risk of adverse clinical outcome, might be offset by the advantages of its BP.
The likelihood of treatment failure directly correlates with the complexity of underlying coronary artery disease. 5)6) PCI for complex lesions (e.g., long lesions, small vessel disease, bifurcations, or highly calcified lesions) is associated with a higher risk for under expansion, malapposition, incomplete lesion coverage, and the likelihood of a slower or nonuniform pattern of endothelialization compared with non-complex PCI.
22) The present study showed that the TLR rate was higher among complex PCI than non-complex PCI: the risk of TLR after complex PCI was approximately 3.6 times higher than that of non-complex PCI at 2 years. However, the rates of hard outcomes such as cardiac death or TV-MI were similar between the 2 groups in the present study. More importantly, both BP-BES and DP-EES were associated with exceedingly low rates of definite or probable stent thrombosis at 2 years of follow-up, even in complex procedures (0.6%). These findings suggest that procedural complexity does not influence the safety profile of second-generation DES. This is consistent with previous analysis, which reported that for patients with unprotected left main disease, high anatomical complexity as defined by a SYNergy between PCI with TAXus and Cardiac Surgery (SYNTAX) score ≥33 is not predictive of cardiac death, MI, or stroke after PCI. 23) Several important limitations of the present analysis should be noted. First, procedural complexity was defined according to the available variables in the dataset. Although these include most of the high-level complexity scenarios encountered in daily clinical practice, coronary anatomy lesion complexity characteristics were site-reported and not reviewed by an angiographic core laboratory, and the definition of complex PCI in this study was too arbitrary. Also, some important variables, such as SYNTAX score, Medina class of bifurcation, or use of rotational atherectomy, were not available, and therefore not included in the present definition. Second, the study design was non-randomized, observational, and post-hoc, which may have significantly affected results due to confounding factors. Although we performed propensity score matching analysis to adjust for potential confounding factors, we did not correct for all possible and unmeasured variables. Because of subgroup analysis nature of the present study design, this analysis was not designed to address the causal versus associative interrelation of complexity factors with adverse outcomes. Therefore, the results of the present study should be considered as hypothesis generating only, being a post hoc analysis of a trial. A third limitation is that clinical outcomes of BP-BES or DP-EES in the present study were relatively low, and the power of the present study was inadequate to draw any definite conclusion, especially for stent thrombosis. Despite the all-comer nature of the study population the event rates were very low, which may raise the question of under-reporting. One possible reason for the low event rates is that our study population may have tended to be at lower risk. For example, mean left ventricular ejection fraction on 2D-echocardiography was 57.9±12.5% in the present population. In addition, most of the participating patients were treated with prolonged (> 12 months) dual antiplatelet therapies, which may have contributed to the low incidence of adverse clinical outcomes. There also may be an ethnic or genetic protective factor, as trials done in East Asian populations have consistently reported lower event rates. 24) In addition, the present sub-analysis was not pre-specified, and numbers are modest, compromising particularly the robustness of individual endpoint analyses. Finally, the current report was limited to a 2-year follow-up after stent implantation. A median follow-up duration of 2 years may have been insufficient to assess long-term safety and efficacy after BP-BES implantation compared with DP-EES implantation. Therefore, a longer duration of patient assessment is warranted because potential benefits of the BP-BES are expected due to complete polymer degradation at longterm follow-up.
In conclusion, 2-year clinical outcomes of BP-BES are similar to those of the current golden standard DP-EES in patients undergoing complex PCI. Our data suggest that the results of previous randomized controlled trials of BP-BES versus DP-EES can be extended to cases of complex PCI, and that the use of BP-BES is adequate for a high-risk subset of patients.
